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ABSTRACT
It is known that a large neutrino number, of the order of a few percent of
the entropy of the universe, leads to symmetry breaking at high temperature.
We show here that in the minimal supersymmetric standard model (MSSM)
this implies the breaking of electromagnetic charge invariance at T  MW




Although we know the baryon number of the universe with a fair precision,
B/S  10−91 (S is the entropy of the universe), remarkably enough we
know almost nothing about the lepton number. The only thing we can say
with some condence is the observational limit [1, 2, 3, 4]
L < S . (1)
The determination of L remains one of the main challenges for cosmology.
Of course, it is just a part of what is probably the main missing link for
the standard big-bang model of cosmology: the detection of the predicted
neutrino sea. It is worth commenting that from the electric charge neutrality
of the universe we know that the electron number is as small as the proton
number. The lepton number of the universe, if not small, must be in the
form of neutrinos.
Now, one often runs into an almost textbook argument (erroneous) that
jLj  jBj, due to the anomaly of B + L. Namely, the B + L violating
processes at T  MW are presumably in equilibrium, so that B + L gets
washed out: B + L  0. This is wrong, since the cosmology of L large is
rather subtle. It is known that in the standard model a large L > S/100
leads to non-restoration of the SU(2)L gauge symmetry at T  MW [5, 6],
and thus the sphaleron processes remain exponentially suppressed [7], much
as at T = 0. More precisely, if L < S/100, then it is true that B + L will be
washed out and L/S  10−10, but in the opposite case one has a completely
consistent cosmological scenario.
Thus, we should be open minded and allow for a possibility of L/S not
being small. The question, of course, is how natural is to have a substantial
L/S. Well, in the context of supersymmetric theories, there is a simple
mechanism of Aeck and Dine [8] of producing large L and B through flat
directions [9]. The challenge, really, is to understand how come B is so small.
This important issue remains out of the scope of our work; instead, we just
pursue the possibility that L is large.
We are motivated, in large part, by a desire to solve the infamous mono-
pole problem of grand unied theories. Monopoles get over produced during
the phase transition in the early universe when one goes from the unbroken to
the broken phase. If the symmetries are not restored at high T [10, 11], then
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the non-restoration of GUTs will solve the monopole problem [12]. Another
alternative possibility is that U(1)em is broken above T  MW [13], so that
the monopoles can be annihilated through the cosmic strings which interpo-
late between monopoles and anti-monopoles. Although it appears dicult
to non-restore gauge symmetries in ordinary theories [14], in supersymme-
try this may happen quite naturally through the presence of flat directions
[15, 16]. The learned reader may know of the no-go theorem for symmetry
non-restoration in supersymmetry [17, 18]. Although there has been some
controversy in this issue [19], it is believed that without flat directions inter-
nal symmetries in SUSY are always restored [20].
On the other hand a large lepton number, as we mentioned before, pro-
vides a natural way of non-restoring symmetries. This has been recently ad-
dressed in the context of the minimal standard model, where one concludes
that the Higgs sector must be enlarged, and unfortunately in an arbitrary
fashion [6]. Since the phenomenon of symmetry non-restoration with an ex-
ternal charge works as well in supersymmetry [21], it is natural to see what
happens in the minimal supersymmetric standard model (MSSM). It turns
out that the MSSM is tailor-t for this task. Both the electromagnetic charge
invariance and the SU(2) weak symmetry are necessarily broken at high T
for suciently large lepton asymmetry.
Another interesting application of the large lepton number is in the ultra-
high energy cosmic rays, as suggested in [22]. Here the lepton number is used
to help understand the cosmic rays with energies in excess of the Greisen-
Zatsepin-Kuzmin cuto.
2 MSSM at large L and large T
It is well known that the charged scalar eld will have a non-vanishing vev at
high temperature if the background charge of the universe is large enough.
Take a simple example of a global U(1) symmetry with a eld φ carrying a
nonvanishing charge. From
V (φ) = m2jφj2 + λjφj4 (2)
one gets an eective potential at high T ( m) and a charge density n
[23, 24]
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Veff = −µ2jφj2 + λ
3
T 2jφj2 + λjφj4 − µ2T
2
6
+ µn , (3)
where µ is the chemical potential. It is clear that for µ >
√
λ/3T , the U(1)
symmetry will be necessarily broken even at T  m.
This simple fact suces to establish that U(1)em would be broken in the
MSSM for large enough background lepton number. Namely, both the left-
handed slepton doublet ~L and the right-handed selectron ~ec will get vevs;
this implies the complete breaking of SU(2)LU(1)Y gauge invariance.
The interesting property of this scenario is that not just the sleptons, but
also the Higgses and the squarks ~q learn about the lepton number through
the gauge interactions and can in principle develop non-vanishing vevs. In
order to solve the monopole problem, we need to make sure that for MW 
T < MX , the unbroken group contains no U(1) subgroup.
The question is if the possible breaking of SU(3)c through < ~q > 6= 0
can leave a U(1) subgroup, and the answer is no, as we show now. A rst
< ~q > 6= 0 breaks SU(3)c to its SU(2) subgroup (no U(1) factor remains)
and the rest of the squarks are either doublets or singlets under this group.
The doublets, if they get vevs, break SU(2) completely. Depending on who
gets the vev (if any), SU(3)c is either preserved, or broken down to SU(2),
or broken completely.
In short, whatever the original GUT symmetry is, at T  MW there is
no U(1) factor and the monopoles, if at all created, necessarily annihilate
through the cosmic strings attached to monopole-anti-monopole pairs.
Now, we wish to compute the critical lepton number density which suces
to have U(1)em broken for T MW .
A toy model: leptons only. To understand what is going on
and for the sake of illustration we present rst the one generation model of
leptons only. This is truly a toy model for not only there are no quarks and
Higgses, but as such the model is not anomaly free. We ignore this issue
here since for us this is only a pedagogical illustration of what happens in
the consistent and realistic theory discussed below.
























Clearly, the above terms V (D) and V
(D)
T imply symmetry restoration at
high temperature, a well known fact in supersymmetric theories.
Next, we need the corrections due to the nonzero lepton charge. This is
usually done by introducing a chemical potential for each conserved charge
[6], thus one for the lepton number (µL) and one for the hypercharge (µY ),
which gives [23, 24, 26]
Vn = − (−µL + µY )2j~ecj2 − (µL − µY
2
)2j~Lj2
− (−µL + µY )2T
2
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+ µLnL . (6)
As one can see, the role of chemical potential is to provide negative mass
square for the sleptons, which per se would imply symmetry breaking. Of
course, whether or not the symmetry is broken, depends whether or not the
chemical potential is bigger than the temperature.
Notice that we did not include the chemical potential for the weak isospin.
The reason for this will be clear from what follows below. Also, we neglected
the µ4 terms, which arise from the fermion loops; we checked however, that
such an approximation is safe and changes the results only by a few percent.
For this reason we will not include them in the rest of the paper.
Now it is more convenient to work directly with the lepton density and
to eliminate chemical potentials. After all, the latter are derived quantities;








T 2 + 2j~Lj2 +
n2L
T 2 + 4j~ecj2 . (8)
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Notice again that the charge density prefers nonvanishing vevs and the





T + Vn (9)
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T 2 − 4n
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(T 2 + 2j~Lj2)2
]
= 0 . (11)
The solution depends on the value of nL. At small (compared with T
3)
lepton charge density the vevs of j~ecj and j~Lj are trivially zero. Since g02 <
(g02 +3g2)/4 (we will use throughout the values g0  0.36, g  0.65) the rst







T 3  0.13 T 3 (12)
is thus the charge density above which the U(1) symmetry is spontaneously
broken. Naively one could think that this is enough to solve the monopole
problem. However, as mentioned above, if the SU(2) symmetry is not broken,
the sphalerons become operative and wash out any nonzero B+L, destroying
our scenario. Thus the SU(2) symmetry must also be broken through a
nonvanishing vev of j~Lj. This happens when the charge density is bigger than
the critical value ncL which is obtained by equating to zero the expressions in
parenthesis in (10)-(11) for j~Lj = 0. The equation for ncL one gets is of the
third order, whose analytic solution is not very illuminating. The numerical
result is
ncL  0.20 T 3 . (13)
In order to see whether such a value is experimentally allowed, one must
calculate the entropy density at T  MW , when our analysis make sense.
Since in the early universe the entropy density s  100 T 3 for the MSSM,
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it is clear that the critical density (13) is well below the experimental limit
nL < 100 T 3 from (1).
The reader may now ask why we did not include a chemical potential also
for the third component of the weak isospin. The point is, that it is zero as
long as the symmetry is conserved, i.e. for all nL up to the critical charge
density (13). This is dierent from the hypercharge chemical potential, en-
tirely due to the non abelian character of the weak isospin. Since our aim was
to calculate the critical charge density, we can assume from the beginning a
vanishing weak isospin chemical potential.
MSSM: one-generation case. Let us now study in detail the
complete case of 1-generation MSSM. Although the eect will be roughly
the same as in the previous model, the exact values of the critical charges
will turn out to dier up to a factor of 4. This surprisingly large number is
unexpected: a closer inspection shows that it is due to the large number of
degrees of freedom (especially in connection with the hypercharge) carried
by the rest (mainly quarks superelds) of the MSSM spectrum. The fact
conrm our ndings in [6], i.e. that all the degrees of freedom must be taken
into account, even those, such as quarks, that do not carry lepton number.
In order to simplify the computation we will consider the following special
case.
a) The number of symmetries (chemical potentials) are taken as small as
possible. Since the disappearance of Yukawa couplings brings new symme-
tries, we will study the MSSM eective potential for T < 107 GeV and for
tanβ = 1. In this case all the Yukawa couplings are eective, i.e. their inter-
actions jyj2T are bigger than the Hubble constant H  T 2/MP l. Raising the
temperature would make of course some Yukawas drop out of equilibrium,
giving new conserved U(1) symmetries and thus new chemical potentials.
Although straightforward, such a computation would not bring more insight
into the problem, so we will limit ourselves to low enough temperatures (but
of course still larger than MW ).
b) In the MSSM with the vanishing soft terms and zero µ term in the su-
perpotential there are two extra symmetries, one of which is an R-symmetry.
In the above temperature regime neither of these symmetries is conserved:
the interactions that violate them have the eective rate Γ  µ2/T , with
µ  102 GeV. Clearly this is bigger than the expansion rate of the universe.
This fact simplies further the calculations, so that only three U(1) symme-
tries need to be considered: lepton number, baryon number and hypercharge.
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As in our previous toy model example, chemical potentials connected to non
abelian diagonal generators are zero as long as these symmetries are unbro-
ken.
c) Now that we found the relevant symmetries involved, we can forget
the small contributions in the superpotential (even the top Yukawa coupling
turns out to be irrelevant) and take simply W = 0.
d) The 1-generation MSSM gives a very good estimate for the critical
charge. We thus present our computations only for this case, but give at the
end the numerical results for the realistic case of 3 generations.
We have seen in the previous example that in order to determine the
charge n0L, above which the rst eld gets a nonzero vev, one needs to consider
only the quadratic (in elds) terms in the eective potential.
The rst of two dierent such terms is the leading 1-loop high temperature












where φi are the elds in the representation ri of the gauge group, a runs
over dierent gauge groups with coupling constants ga and C
a
2 (ri) = (Yi/2)
2
for U(1) and 3/4, 4/3 for the fundamental representation of SU(2), SU(3)













































j ~dcj2 ] . (15)
The other term needed to determine n0L is a generalization of (6). Using
the rules developed in [23, 24, 26] one can work out a general expression for
the contribution of the chemical potentials to the eective potential [27]
Vn = −1
2























The indices a, b run over the conserved symmetries (µa are the corre-
sponding chemical potentials), while i runs over the dierent elds; f ia (b
i
a)
is the a-th charge of the i-th fermion (boson) eld; φi is the vev of the i-th
boson eld and na is the value of the total a-th charge asymmetry (we will
assume that only the lepton charge asymmetry is nonzero). We should stress
that the formulae (16) and (17) are valid in any model, supersymmetric or
not. Notice however, that we have neglected higher orders in µ. The next
term, µ4, will be shown to be much smaller than the terms in (16) in our
case.
Using the usual constraints
∂Vn
∂µa


























The meaning of (20) can be already obtained in the toy model (see (6)).
In that case the charges are qL = −1, 1, qY = 1, −1/2 for the singlet and
the doublet respectively. Of course, in such a simple model it is much more
transparent not to use the complicated general formula (20).
The analog of n0L shown in (12) is given by the minimal charge satisfying
at least one of the equations
∂Veff
∂jφij2 jjφj j2=0 = 0 , (21)
where the relevant terms in Veff are given by (14) and (19). To understand
the meaning of this equation it may help to know that in the toy model
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discussed above (21) reduce to the expressions in the square brackets in (10)-
(11) with vanishing vevs.








and use the relation
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Using the elds’ charges of Table 1 it is now straightforward to calculate
the matrices A and B and nd out that n0L is given by the value, when the
right-handed selectron (just as in the toy model) begins to get a nonzero vev:
n0L =
p
2g0T 3  0.50 T 3 . (25)
For nL > n
0
L, U(1)Y is spontaneously broken by j~ecj2 6= 0. Notice that n0L
in the 1-generation MSSM (25) is exactly 4 times bigger than the one found
in the simplied model with only leptons (12). This may be somewhat of a
surprise. After all, quarks and Higgs superelds carry no lepton charge, so
why should their presence matter so much? The fact that they do matter was
already noticed in our previous work on the standard model [6], but here the
eect is even more dramatic. The point is that any particle with non-zero
hypercharge learns about the lepton number through its interactions with
the photon and the Z boson.
To get the critical charge ncL, where also SU(2)L gets broken presumably
by j~Lj2, one must take into account that now j~ecj2 6= 0. For this reason
the full dependence of Veff on j~ecj2 must be retained for nL > n0L, but for
nL < n
c
L only the quadratic jφij2 term needs to be considered for all the
remaining scalar elds (as was the case for all the elds when nL < n
0
L).
From the general D-term
9
Q ec L Hd Hu Q uc dc name
1 −1 1 0 0 0 0 0 L
2 0 0 0 0 1/3 −1/3 −1/3 B
3 1 −1/2 −1/2 1/2 1/6 −2/3 1/3 Y/2







DaDa , Da = −gaφyi (T a)ijφj , (26)
with (T a)ij the generators of the group in the matrix representation (equal to
Y/2 for U(1)Y and τ
a/2, λa/2 for the fundamental representation of SU(2)L,
SU(3)c respectively) the following D-terms from (26) are relevant for the





















The critical charge is the minimal charge which satises at least two
equations among (21), one of which is for i = j~ecj and j~ecj2 6= 0 now. One
has thus two equations for the two unknowns, j~ecj2 and ncL: rst
∂Veff
∂j~ecj2 (j~e
cj2, ncL) = 0 (28)
and second, the equation among
∂Veff
∂jφij2 (j~e
cj2, ncL) = 0 (29)
for i 6= j~ecj with the smallest solution for ncL. Now, if you see a huge shark in
your immediate vicinity while swimming far away from the shore, what do
you do? A correct answer to this question gets you a free coee from either
of the authors. After having established that you are following this stu, let
us go on.
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It is now straightforward to nd out numerically that the rst equation to
be satised among (29) is for i = j~Lj, as expected, which breaks the SU(2)L
gauge symmetry. The value of the critical charge comes out to be
ncL  0.58 T 3 , (33)
which is almost 3 times bigger than in the toy model (13). For nL > n
c
L both
SU(2)L and U(1)Y are broken, solving thus the monopole problem.
At this point one can also check the numerical value of the µ4 terms
neglected in (16). For example from [26] one nds that for each fermion
the ratio between the µ4 term and µ2 term is [µ/(piT )]2, which turns out to
be always smaller than 0.02 for nL  ncL, which we considered above. This
is somewhat dierent from a similar calculation in the non-supersymmetric
standard model [6], where a larger charge, which is needed to break the
SU(2) symmetry, leads to larger chemical potentials and thus the quartic
terms turn out to be still important (corrections to the critical charge in SM
are sometimes of order 50%).
Furthermore, the inclusion of the Yukawa couplings does not change the
numerical results for the critical charge: in fact, the value of the lepton
Yukawa coupling is far too small to contribute considerably, while the top
Yukawa does not enter the relevant equations, since the quarks and the Hig-
gses do not get a nonzero vev at this stage (we have checked explicitly this
statement conrming the above results). Obviously, since the Yukawa inter-
action is unimportant, it is irrelevant which generation is to be considered in
this one-generation MSSM.
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The three-generations realistic case. The last generalization
to be done is to include all three generations. This we did numerically along
the lines described above. We assumed that the lepton charge is stored in
only one of the three generations (remember that there are three conserved
lepton number symmetries for vanishing or very small neutrino masses). The
more complicated case with more than one non-vanishing lepton asymmetry
can be treated along the same lines as here, but in our opinion it would
teach us nothing new. Furthermore, one expects no signicant change in our
results (we will see below that going from one to three generations makes
very little dierence). The shark is still here: what are you doing about it?
The results are given in Table (2) together with the previously obtained
critical charges. The relative error between the results from the 1-generation
and 3-generations MSSM are of the order of 20%, which is not much, com-
parable to other errors we can expect (higher loop contributions, etc.). We
can thus say, that the much simpler 1-generation MSSM gives a very good
estimate of the correct result. This result conrms the approximate value
for the critical charge which leads to the breaking of the SU(2)L symmetry
in the non-supersymmetric standard model [6]. Recall, however, that in the
non-supersymmetric version the electromagnetic invariance is not broken and
thus the monopole problem is not solved. Thus supersymmetry is seen to
play an essential role in our considerations. Without it one would have to
postulate an ad hoc existence of light charged scalar particles if one wants
the electromagnetic invariance spontaneously broken at high temperature.
toy model 1-gen. MSSM 3-gen. MSSM
n0L/T
3 0.13 0.50 0.43
ncL/T
3 0.20 0.58 0.72
Table 2: The charges, above which the U(1) (n0L) and SU(2) (n
c
L) symmetries
are broken, from the models described in the text.
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3 Discussion and outlook
The phenomenon of symmetry breaking at high temperature plays an impor-
tant role in cosmology. First, it provides a simple way-out of the monopole
problem in grand unication. Furthermore, it changes completely the con-
ventional scenario of baryogenesis, since it implies a freezing of sphaleron
eects at all temperatures. A particularly simple realization of this mecha-
nism is provided by the large lepton number of the universe. In this paper
we have shown how a suciently large lepton number implies the complete
breaking of SU(2)U(1) symmetry in the MSSM for T  MW . This is
achieved through nonzero VEVs of at least one left-handed and one right-
handed sleptons.
The critical value for the lepton density of the universe is in complete
agreement with the observation. We hope that our work provides a further
impetus for the improvement of the existing experimental limits. On the
other hand, we need a more fundamental explanation for the large lepton
number and the small baryon number of the universe. We hope that this
is only a matter of time, or, that we will learn that the lepton number of
the universe is small too. It should be mentioned, though, that even a small
lepton number would not necessarily imply that our scenario is completely
wrong. In fact, in order to have the SU(2)L U(1)Y symmetry completely
broken, one does not need to have necessarily a large lepton number: what is
important is to have a large conserved charge density, whatever it is [28]. For
example, a large R charge [29] could do the job as well. In such a scenario
the monopole problem would be automatically solved, but we could not test
it, since the R charge would have been washed out at smaller temperatures,
when the supersymmetry (and thus R symmetry) breaking terms become
important. This is why the existence of a large lepton number for solving
the monopole problem is much more interesting. It is testable, at least in
principle.
This mechanism of symmetry non-restoration could maybe also provide a
way-out of the false vacuum problem of supersymmetric GUTs [30]. However,
here the issue is somewhat subtle and must be addressed separately. The
point is that it is not enough to keep the SU(5) unbroken above T  MX ;
one must also show that the vev of the adjoint 24 Higgs is non-zero and
connects correctly to its physical value at small temperature.
We should also mention that symmetry non-restoration at high temper-
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ature may solve the domain wall problem of spontaneously broken discrete
symmetries [31]. Now, in the MSSM this is not the case, but in many exten-
sions of the theory one may have discrete symmetries. For example it can
be spontaneous CP violation or a Z3 [32] discrete symmetry of the next-to-
minimal supersymmetric standard model with the singlet eld instead of a µ
term in the superpotential. Clearly, the large lepton number is tailor-t also
for this task.
Another interesting question can be raised regarding the lepton number
and neutrino masses. Namely, the solar and the atmospheric neutrino data
point strongly towards nonvanishing neutrino masses [33]. If neutrino mass
is of Dirac form, then of course it has no impact on the lepton number of
the universe. If on the other hand neutrino mass is of Majorana nature, as
many of us suspect and as suggested by the see-saw mechanism [34], then
the situation becomes problematic. After all, Majorana masses break lepton
number and one would expect any background lepton number to be washed
out during the expansion of the universe. The issue however is more subtle
and the outcome depends on the size of neutrino mass and the temperature
range of one’s interest [35].
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